Objective: Dysfunction within corticostriatal dopaminergic neurocircuitry has been implicated in neuropsychiatric symptoms associated with Alzheimer disease (AD). This study aimed to test the hypothesis that the symptom domains delusions and apathy would be associated with striatal dopamine (D2) receptor function in AD.
The neurochemical changes that underpin neuropsychiatric symptoms in Alzheimer disease (AD) have been poorly elucidated. In vivo studies that avoid the confounding influences of illness duration and exposure to psychotropics that are encountered postmortem 1 could identify potential treatment targets. Perturbation of cholinergic-dopaminergic influences within corticostriatal neurocircuitry have been implicated in the development of psychosis 2 and apathy. 3 Excessive striatal dopamine (DA) activity is viewed as the final common pathway in the development of psychotic symptoms; and in AD progressive cholinergic loss, within the context of a functionally intact dopaminergic system, may increase the propensity of patients with AD to develop psychosis because of a relative striatal hyperdopaminergia. 2 Apathy is believed to represent a deficit in corticostriatal (ventral striatum, prefrontal cortex) processing, 4 character-ized by a reduced ability to process emotionally significant stimuli. 5 In vivo studies in small numbers of patients with moderately severe AD (n ϭ 10) have reported higher DA (D2) receptor availability in association with wandering behavior 6 and lower striatal DA (D2) receptor availability in more behaviorally disturbed patients. 7 More recently, higher striatal DA transporter availability has been correlated with apathy ("loss of initiative") in a larger sample (n ϭ 24) that included 8 patients with Lewy body dementia. 8 We aimed to test the hypothesis that striatal DA (D2) receptor availability-using the DA (D2/D3) receptor ligand [ 11 C]raclopride (RAC)-would be associated with delusions and apathy in psychotropic-naive patients with mild to moderate AD.
METHODS Sample. Twenty-three patients with probable late-onset Alzheimer dementia were recruited as part of wider study aiming to investigate the influence of donepezil on striatal DA release. Twenty-one patients were recruited from a dedicated memory clinic (the Croydon Memory Service), and two were recruited from community mental health teams. All patients fulfilled National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for AD 9 and were eligible to receive treatment with a cholinesterase inhibitor but had not yet commenced medication. Clinical assessment included screening with the Mini-Mental State Examination (MMSE) 10 (all patients) and, in patients assessed by the Croydon Memory Service (n ϭ 21), the Cambridge Cognitive Examination (CAMCOG). 11 Where scores were above the suggested cutoff for questionable dementia (Ͼ24/30 on the MMSE or Ͼ79/105 on the CAM-COG), neuropsychological testing was conducted to establish the diagnosis. All subjects underwent standard laboratory investigation and structural (MRI) imaging to rule out other cause of memory loss and to quantify the extent of vascular pathology: Seven patients (30.4%) showed radiologic signs of vascular pathology-small vessel disease (n ϭ 4) or silent lacunar infarcts (n ϭ 3). Patients were excluded on the basis of past or current psychiatric illness or the prescription of medication that might influence DA function. The study was approved by the Charing Cross and Joint South London and Maudsley and The Institute of Psychiatry Research Ethics Committees. The Administration of Radioactive Substances Advisory Committee granted permission to administer [ 11 C]RAC. Written and verbal consent was obtained at the time of recruitment and repeated before the scanning procedure.
Behavioral ratings. The Neuropsychiatric Inventory (NPI) 12 evaluates 12 symptom domains (shown in table 1) over the preceding month, and scores range from 0 (not present) to 12 if present very frequently 4 and are very disruptive. 3 The Apathy Inventory (AI) 13 separates apathy into three components: emotional blunting, lack of interest, and lack of initiative. Scoring follows the same rules as the NPI (maximum score of 12 on each of the three domains). Ratings were made by a live-in carer on the day of the scan. No cutoff point was used to categorize any of the symptom domains.
PET procedure. [ 11 C]RAC PET is an established in vivo method for estimating the availability of DA (D2) receptors in the brain. Participants were scanned at rest on a 962-Siemens/ CTI PET camera in three-dimensional mode. Head movement was minimized using a molded headrest and straps. Each scan consisted of 1) a short (10-minute) transmission scan to enable correction for tissue attenuation of radioactivity and 2) dynamic scanning: [ 11 C]RAC was administered as a bolus injection followed by a constant-rate infusion with a bol of 60 minutes. 14 The bolus infusion method enables a state of equilibrium to be reached which avoids potential artifacts introduced through blood flow change during the scan. 15 Total administered activity was 370 MBq per scan. The sampling period for calculation of the binding potential (BP ND ), after RAC equilibrium had been established, was 35 to 60 minutes collected over 20 serial time frames. Head movement was corrected using a frame-by-frame realignment procedure, previously described. 16 Non-attenuated corrected (non-AC) images were used for realignment, to provide additional information by reducing the influence of redistribution of radiotracer producing erroneous realignments. The non-AC image was denoised using a level 2, order 64 Battle Lemarie wavelet. A mutual information algorithm was applied for frame realignment to a single frame acquired 35 minutes after injection, in which there was a high signal-to-noise ratio. Finally, transformation parameters were applied to the corresponding attenuation-corrected dynamic images for frames 15 through 20 to generate a frame-by-frame corrected dynamic image.
Region-of-interest analysis. Region-of-interest (ROI) templates for striatal and cerebellar areas were defined on a magnetic resonance scan positioned in standard Montreal Neurological Institute space. Three striatal subregions were defined bilaterally, based on previously described criteria 17 : the limbic striatum (LS) corresponds to the ventral striatum, and the caudate and putamen were subdivided along their rostrocaudal axis using the anterior commissure to derive the associative striatum (AST; precommissural and postcommissural dorsal caudate and precommissural dorsal putamen) and the sensorimotor striatum (SMST; postcommissural putamen). Delineation of ROI templates in the right striatum are shown in figure 1. Templates were applied to dynamic images to generate the time-activity curves for striatal (ROI) and cerebellar (reference) regions. Images were sampled between 35 and 60 minutes, and BP ND 18 was expressed as the ratio at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand in tissue [(striatal/cerebellar binding) Ϫ 1].
Statistical analysis.
Data were analyzed using SPSS 15.0. Previous imaging studies have shown that age, 19 sex, 20 and global impairment 21 may potentially modulate the relationship between dopaminergic and behavioral indices. It was thus important to explore and control for their potentially confounding effects. A linear mixed model was used to determine the effect of sex on mean [ 11 C]RAC BP and the interaction between age and sex. Correlation coefficients (Spearman ) were used to describe the associations between behavioral ratings and other variables, including age, MMSE, and [ 11 C]RAC BP ND . Sex differences were investigated using the independent-samples t test, Mann-Whitney U test, and Fisher exact test.
RESULTS Descriptive and neuropsychological test
performance. The mean age of the sample was 78.7 years (range 66 -89 years), and there were 11 men (48%). The majority of patients (n ϭ 14; 61%) were in the mild stage of disease (MMSE Ͼ20 out of 30), 21 (91%) were right-handed, and 14 (61%) were prescribed medication for chronic physical health problems. There were no sex differences in mean age, educational level, or global cognitive or behavioral function (table 1) . Dopamine (D2) receptor measures. The mean [ 11 C]RAC BP ND for the whole striatum was 2.17 (SD 0.29, range 1.74 -2.97). There was an effect of sex [F(1,97) ϭ 27.8, p Ͻ 0.0001]: mean values for the striatum were higher in men (mean 2.26, SD 0.34) than in women (mean 2.08, SD 0.21). The sex difference was explained by an interaction between age and sex [F(1,97) ϭ 30.4, p Ͻ 0.0001]: mean BP decreased with age in women (r ϭ Ϫ0.77, p ϭ 0.003) but not in men (r ϭ 0.41, p ϭ 0.21) (figure e-1 on the Neurology ® Web site at www.neurology.org). The presence or absence of vascular pathology had no effect on mean [ 11 C]RAC BP ND (p ϭ 0.77).
Neuropsychiatric symptoms. Frequencies of each of the symptom domains from the NPI are shown in table 1. Apathy was present in 16 (69%) of the sample. Delusions were present in 7 patients (30%; 5 men) and were characteristic of AD, including beliefs regarding theft or the presence of an intruder in the house. One woman exhibited hallucinations as well as delusions. Anxiety was more common in women (Fisher exact test, p ϭ 0.01). Mean (SD) scores and ranges for the AI and NPI (delusions, apathy) are shown in table 2. Carer ratings of emotional blunting were higher in men (Mann-Whitney U, p ϭ 0.05). Total AI scores were correlated with the NPI apathy domain (Spearman ϭ 0.72, p Ͻ 0.0001). Delusions showed no interrelationships with other symptom domains or with the presence of vascular pathology (Mann-Whitney U, p ϭ 0.41), and mean age, educational level, and MMSE were not correlated with scores on any of the symptom domains.
Relationship between [ 11 C]RAC BP ND and neuropsychiatric symptoms.
A correlation was found between delusions and [ 11 C]RAC BP in the whole striatum ( ϭ 0.54, p ϭ 0.008) and in each subregion (SMST: ϭ 0.61, p ϭ 0.002; AST: ϭ 0.48, Table 3 summarizes descriptive and BP ND data in patients with and without delusions. There were no differences in mean age and global impairment, but the proportion of men in the group with delusions was higher (71.4%) than in patients without delusions (37.5%) (Fisher exact test, p ϭ 0.19). It was possible that the higher mean [ 11 C]RAC BP ND in patients with delusions might be explained simply by the higher BP ND values in men. When the analysis was restricted to men, however, differences between patients with delusions (mean 2.5, SD 0.3) and patients without delusions (mean 2.1, SD 0.3) were comparable to the total sample (p ϭ 0.05). Mean BP values for the whole striatum in the presence or absence of delusions are shown in figure 2 .
None of the apathy measures was found to correlate with [ 11 C]RAC BP ND in the whole striatum or in any of the subregions (table 2 ). An exploratory analysis of the associations between [ 11 C]RAC BP ND and other symptom domains from the NPI revealed a relationship only with disinhibition ( ϭ 0.42, p ϭ 0.05; SMST: ϭ 0.31, p ϭ 0.15; AST: ϭ 0.40, p ϭ 0.06; LS: ϭ 0.41, p ϭ 0.06). However, because this analysis was not hypothesis driven, it did not survive correction for multiple comparisons. DISCUSSION We found patients with delusions to have significantly (14%) higher striatal DA (D2/D3) receptor availability than their counterparts without delusions, a difference not explained by age, disease stage, or vascular pathology. After controlling for the significant effect of sex on BP ND by excluding women from the analysis, [ 11 C]RAC BP ND was found to be 16% higher in men with delusions than in men without delusions.
Contrary to our hypothesis, there was no relationship between [ 11 C]RAC BP ND and apathy. This was Table 3 Mean RAC ϭ raclopride; BP ND ϭ binding potential; SMST ϭ sensorimotor striatum; AST ϭ associative striatum; LS ϭ limbic striatum; AI ϭ Apathy Inventory.
Figure 2 [ 11 C]raclopride binding potential in patients with and without delusions
Mean [ 11 C]raclopride (RAC) binding potential (BP ND ) in the striatum, in the presence or absence of delusions.
not explained by a low frequency or narrow range of apathy scores, but the possibility of a type II error cannot be ruled out. Our findings are somewhat at odds with recently published data in a mixed sample of patients with AD and Lewy body dementia, 8 and there are several possible explanations for this. It is possible that previous findings reflect primarily an association between apathy and striatal DA transporter function in patients with Lewy body dementia, or-assuming that the association is representative of the AD population-that presynaptic neuronal integrity is a more sensitive indicator of apathy than postsynaptic receptor sites. We cannot rule out the involvement of extrastriatal DA (D2/D3) receptors in apathy in AD, because this was beyond the scope of our study. The relative importance of noradrenergic innervation of the ventral striatum-implicated in apathy in PD 22 -must also be considered, because alterations in the cholinergic-noradrenergic balance might similarly contribute to symptoms in AD. Our finding of a significant age ϫ sex interaction warrants discussion, because it does not seem to have been explained by differences in the age distribution, disease stage, or presence of vascular pathology in our sample. It is unclear whether lower [ 11 C]RAC BP ND in women with AD reflects a reduction in receptor density or differences in endogenous DA levels, as has been reported in young adults. 20 It is also possible that higher BP ND in patients with delusions may have contributed to our findings (figure e-1), because this reduced our ability to detect an influence of age on BP ND in men. This will need to be explored through further studies in patients without psychosis.
Contemporary models of psychosis suggest that a variety of pathologic processes-neonatal hypoxia, hippocampal damage, cortical lesions, and cholinergic denervation-may lead to the sensitization of striatal dopaminergic neurons and the expression of positive symptoms. [23] [24] [25] In support of this model are data on young adults with schizophrenia, who exhibit increased presynaptic DA synthesis capacity, increased postsynaptic receptor DA (D2/D3) receptor availability, and an exaggerated response to amphetamine, in terms of both endogenous DA release and symptom exacerbation. 26 Young psychotic patients with bipolar illness exhibit similar increases in postsynaptic striatal DA (D2/D3) receptor availability, 27 without evidence of the alterations in presynaptic function observed in schizophrenia, 28, 29 and it is thus probable that the relative importance of presynaptic and postsynaptic mechanisms may depend on the primary pathologic process. Our findings provide in vivo evidence of a direct relationship between the expression of positive symptoms and altered postsynaptic striatal DA (D2/D3) receptor function in AD.
Further, the extent of the increase in [ 11 C]RAC BP ND in patients with delusions is comparable to that observed in young adults with psychosis. 27, 30 The functional significance of an increase in DA (D2) receptor availability is difficult to interpret, because [ 11 C]RAC binding does not simply reflect the density of DA (D2/D3) receptors, but competes with endogenous DA for receptor sites. 31 It is thus not possible to determine the extent to which differences in endogenous DA between the two groups contributed to our findings. The potential contribution of higher DA (D3) receptor availability in the group with delusions must also be considered. In vitro, a 70% increase in DA (D3) receptor density has been found in the ventral caudate of psychotic (neuroleptic naive or intolerant) compared with nonpsychotic patients with AD. 32 It is not possible to distinguish between DA (D2 and D3) receptors through the use of [ 11 C]RAC, because it binds with equal affinity to both subtypes. However, DA (D3) receptor binding accounts for only 10% of the total signal because of the lower density of expression in regions other than the ventral striatum. 33 Although it remains possible that our findings represent differences in DA (D3) receptor availability in patients with delusions, the fact that the greatest percentage differences between the two groups were found in the associative striatum would tend to argue against this. It is possible that partial volume effects-as a result of greater atrophy in the striatum of patients without delusions-might have contributed to the observed differences. Although data suggest that there may be structural differences between patients with and without psychosis in relation to cortical atrophy-right frontal 34 and temporal 35 regions have been specifically implicated-there are no such data relating to the striatum.
The presence of psychosis has considerable clinical and economic implications, generally predicting a greater speed of cognitive decline and early institutionalization. 36 It has been suggested that psychosis in AD may represent not one but several different phenotypes, each with genetically, biologically, and neurochemically distinct markers. 37, 38 Attempts to further categorize psychotic symptoms through the use of factor analytic approaches have identified two broad subtypes: a paranoid subtype (defined by the presence of persecutory delusions) and a "misidentification" subtype (defined by misidentification phenomena and hallucinations). 39 Whether increased striatal DA (D2) receptor availability primarily reflects the paranoid subtype is a question that will need to be answered through future studies.
Perhaps most relevant clinically is the fact that we found measurable differences between patients with and without delusions who were at an early stage in the disease process and in whom the presence of delusional beliefs was not associated with other behavioral symptoms, such as agitation or aggression. This would indicate that increased DA (D2/D3) receptor availability-and possibly other indices of striatal dopaminergic function-might act as markers of psychosis proneness in AD. Future studies should similarly aim to better characterize psychosis in AD in terms of presynaptic and postsynaptic dopaminergic indices, to identify those most vulnerable to its development.
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